Background-Zoledronic acid, a bisphosphonate, delays progression of bone metastases in adult malignancies. Bone is a common metastatic site of advanced neuroblastoma. We previously reported efficacy of zoledronic acid in a murine model of neuroblastoma bone invasion prompting this Phase I trial of zoledronic acid with cyclophosphamide in children with neuroblastoma and bone metastases. The primary objective was to determine recommended dosing of zoledronic acid for future trials.
Introduction
High-risk neuroblastoma (NB) regimens achieve only 40% long term event-free survival [1] despite aggressive therapy including surgical resection, myeloablative chemotherapy, focal radiation therapy, and 13-cis-retinoic acid. Novel treatment modalities are required to improve outcome.
Zoledronic acid, a nitrogen-containing bisphosphonate, inhibits the mevalonate pathways critical for protein prenylation and geranyl-geranylation and is a potent inducer of apoptosis [2] . Because of its unique ability to bind with high affinity to the bone matrix, zoledronic acid is a potent inhibitor of osteoclasts [2] . Bisphosphonates, including zoledronic acid, have shown efficacy as adjuvant agents against bone metastases in patients with breast and prostate cancer, multiple myeloma, and other malignancies by significantly delaying or reducing the incidence of skeletal related events (SRE), including pathologic fractures and the need for palliative radiation [3, 4, 5] . More recently, zoledronic acid was associated with improved survival in women with premenopausal breast cancer treated with hormonal therapies [6] .
Cyclophosphamide has known activity against neuroblastoma. Although children with newly diagnosed high-risk neuroblastoma typically receive high doses of cyclophosphamide as part of standard frontline therapy [7, 8] , resistant tumors may still respond to low dose protracted (metronomic) regimens of cyclophosphamide [9, 10] theoretically through both anti-angiogenic and direct anti-tumor effects. Adult studies of metronomic cyclophosphamide for advanced malignancies have been well tolerated and associated with stable disease [11, 12] .
We previously demonstrated the efficacy of bisphosphonates including zoledronic acid, in a murine neuroblastoma bone invasion model [13] . We showed that zoledronic acid combined with high dose cyclophosphamide and topotecan significantly inhibited osteolytic lesions in mice even when administered four weeks after tumor cell inoculation [13] . Zoledronic acid's effects were limited to bone lesions in this model. Cyclophosphamide also enhanced the inhibition of the proliferation of neuroblastoma cell lines observed with zoledronic acid alone [13] . These data showing additive activity of zoledronic acid with cyclophoshamide formed the basis for our Phase I trial design combining oral metronomic cyclophosphamide with escalating doses of zoledronic acid in children with refractory/resistant neuroblastoma and bone metastases. The aims of this trial were to define the maximum tolerated dose of zoledronic acid in this combination and the pediatric toxicity profile of zoledronic acid, and to obtain tumor response data, pharmacokinetics, and correlative biologic data within the confines of a Phase I trial.
Methods

Eligibility
Patients with high-risk NB < 30 years of age at study entry with recurrent/progressive disease, refractory disease (less than partial response to frontline therapy), or biopsy proven disease after at least a partial response to frontline therapy were eligible. Patients were required to have bone metastases at entry defined as at least one MIBG avid bone site or progression at a bone site based on bone scan findings if tumor was MIBG-nonavid. Other eligibility criteria included: Karnofsky or Lansky performance status > 50%; life expectancy of > 2 months; ANC > 750/μl; platelet count > 50,000/μl; normal serum creatinine for age; ionized serum calcium > 1.0 mmol/L; and adequate hepatic function. Prior autologous stem cell transplant was allowed. Exclusion criteria included prior use of bisphosphonates.
The study was approved by the Institutional Review Board at each participating site of the New Approaches to Neuroblastoma Therapy (NANT consortium) (www.nant.org). Informed consent was obtained from the patient or their parent/guardian, and assent was obtained as appropriate before protocol enrollment.
Drug Administration
Cyclophosphamide was administered at a fixed dose of 25 mg/m 2 /day orally once daily for 28 days with zoledronic acid administered at least one hour after cyclophosphamide as a 15 minute intravenous (IV) infusion on day 0. Courses were repeated every 28 days without interruption. Patients were required to take daily age-appropriate Vitamin D and calcium replacements. Patients were monitored weekly during the first course and every other week during subsequent courses. Administration of oral cyclophosphamide, Vitamin D and calcium were documented within patient diaries.
Trial Design
Patients were accrued in cohorts of three per dose level. The first dose level utilized 2 mg/ m 2 zoledronic acid (approximately 80% of adult MTD), with subsequent dose escalations to 3 mg/m 2 and 4 mg/m 2 using a standard "3 + 3" cohort design [14] . zoledronic acid doses were capped at 4 mg. The maximum tolerated dose (MTD) was defined as the highest dose at which < 1 of 6 patients experienced first-course dose limiting toxicity (DLT) at least possibly attributed to treatment. Due to the observation of hypophosphatemia, the study was amended to continue enrollment at 4 mg/m 2 (level 3e) until 3 patients completed a minimum of 2 courses to further evaluate hypophosphatemia with more frequent monitoring during the second course. Adverse events were graded according to the National Cancer Institute Common Toxicity Criteria (version 3.0). Hematologic DLTs were defined as Grade 4 neutropenia or platelet count < 20,000 that did not resolve to eligibility criteria within 14 days of withholding cyclophosphamide. Patients with bone marrow metastases documented on required bone marrow exam at study entry were considered not evaluable for hematological toxicity. Non-hematological DLT was defined as any Grade 3-4 nonhematological toxicity with the following exceptions: renal DLTs were defined as previously described for zoledronic acid clinical trials [5, 15] as an increase in creatinine by > 0.4 mg/dL from baseline if baseline was < 1.4 mg/dL, or an increase by > 1 mg/dL if baseline creatinine was > 1.4 mg/dL; grade 3-4 hypocalcemia responsive to calcium replacement or resolving after 1-2 dose reductions; grade 3 nausea/vomiting; grade 3 fever; and grade 3-4 infection (unless associated with Grade 3 symptoms in other organs). Grade 3-4 asymptomatic hypophosphatemia was excluded from non-hematological DLT for level 3e.
Courses started every 28 days provided toxicity resolved to eligibility criteria and there was no disease progression. Patients with reversible DLT were offered further modified treatment, depending on the DLT. For example, patients with hematologic DLT had cyclophosphamide reduced by 25%, while zoledronic acid was reduced by 25% for dose limiting hypocalcemia.
Tumor response
Tumor was evaluated at baseline, after courses one and three, and then after every three courses. Overall response was graded according to the NANT Response Criteria, modified from the International Neuroblastoma Response Criteria [16] using the RECIST method [17] of longest dimension for measurable tumor on CT/MRI and Curie score [18] for MIBG response. Only complete responses were described in bone marrow, defined as no morphologic tumor on two serial samples. Two central reviewers evaluated CT/MRI and MIBG scans for all patients with overall response of stable disease or better. A single central reviewer reviewed bone marrow slides.
Pharmacokinetics of Zoledronic Acid
Participation in pharmacokinetic (PK) studies was optional. Peripheral blood was collected before zoledronic acid infusion then at 15 minutes, 1 hour, 3 hours, 8 hours and 24 hours following infusion during course one. Blood was processed, frozen, and PK assays performed by Novartis via radioimmunoassay as previously described [19] . The data were analyzed graphically by construction of plasma zoledronic acid concentration versus time profiles. Non-compartmental PK methods were utilized to determine area under the curve of plasma zoledronic acid for 24 hours post-dose (AUC 24h ) and maximum concentration (Cmax).
To characterize the urinary excretion of zoledronic acid during course one, complete collection of urine was performed by pooling the urine over 0-4 hours, 4-12 hours, 12-24 hours and 24-48 hours time intervals following the dose administration. A 10-mL aliquot of each pooled collection was assayed for zoledronic acid using a validated radioimmunoassay method as previously described [19] . The zoledronic acid concentration in each urine collection was multiplied by the estimated urine volume in order to estimate the quantity of zoledronic acid excreted during each collection interval and to provide data for assessing the cumulative excretion of zoledronic acid over a period of 24 hours.
Biologic Assays
Bone Resorption Markers-Participation in bone resorption studies was optional. Peripheral blood and urine collected prior to treatment and after courses one and three were analyzed for type I collagen C-telopeptide (serum) and N-telopeptide (urine) levels in clinical laboratories of the participating institutions using standard immunoassays.
IL-6 and sIL-6 Receptor Levels-Participation in cytokine studies was optional. Peripheral blood collected prior to treatment and after courses one and three was analyzed for IL-6 and soluble IL-6 receptor (sIL-6R). Control samples from normal children were obtained from IRB-approved banking protocols. Levels of human IL-6 and sIL-6R in serum were determined in triplicate aliquots by quantitative Enzyme Linked Immunoabsorbance Assay (ELISA) according to the manufacturer's protocol (Quantikine Immunoassay kit from R&D).
Statistical Analysis of Biologic Results-A general linear model was used to test for a course effect, adjusting for the fact that not all patients had assessments at all times. If the overall course effect was significant at the 0.05 level, then pair wise comparisons were performed by Tukey-Kramer method of multiple comparisons. Prior to analysis, data were transformed using either the logarithm (for IL-6 and N-telopeptide) or the square root (for sIL-6R and C-telopeptide). Means and confidence intervals were converted back to original scale.
Results
Patient Characteristics
A total of 21 patients were enrolled at nine NANT institutions between September 2005 and January 2008. Their clinical characteristics are described in Table I . Seventyseven courses were given with a median number of one course per patient (range 1 to 18). Doses were capped at 4 mg for 5 patients, all at dose level 3.
Toxicity
Dose limiting toxicities are listed in Table II and detailed toxicities are listed in Table III. Both DLTs at dose level 3 were asymptomatic grade 3 hypophosphatemia beginning 2 and 4 days after the dose of zoledronic acid and resolving 14 and 18 days later respectively. One of these patients did not complete course one due to tumor progression and was initially considered inevaluable for dose escalation and replaced. On review, the patient was reclassified as evaluable since a DLT had occurred. The replacement patient also experienced grade 3 asymptomatic hypophosphatemia. The original study design followed laboratory values weekly during the first course but not during subsequent courses, and therefore could not adequately determine if hypophosphatemia was isolated to the initial course or also occurred after the second or subsequent courses [20] . Therefore, the protocol was amended to assess 3 additional patients completing a minimum of two courses with weekly laboratory monitoring. Based on prior study data, we expected six to nine additional patients would be required. Seven patients entered dose level 3e, but only one completed two courses at the prescribed doses. Six were inevaluable due to early tumor progression (n=4), refusal to take therapy (n=1), and a non-protocol mandated dose reduction. Only 1/7 patients on dose level 3e had grade 3 hypophosphatemia during course one. Enrollment was discontinued at this point because the objective of the amendment was unlikely to be achieved, and no other significant toxicity had been observed which would alter the zoledronic acid dose recommended for further studies.
A 2-year-old male (dose level 3) developed diffuse osteosclerosis detected after nine courses that progressed on serial radiographs. He was removed from study treatment after 18 courses, but continued to receive cyclophosphamide off-study. Three months after his final dose of zoledronic acid he developed a low-trauma femoral fracture felt to be associated with osteosclerosis. One-year off-therapy, a rib fracture was found on routine follow-up CT. These sites were neither sites of tumor nor sites of prior radiation therapy. No other patient experienced a fracture. Reports from plain films done per protocol to monitor bone response were reviewed in the four other patients who received at least 5 doses of zoledronic acid. Osteosclerosis was not found in a 15 year old during 5 courses of zoledronic acid, or in a 26 year old who received 12 courses. A 4 year old had osteosclerosis after 6 courses. A 7 year old male had dense metaphyseal bands in the distal femurs and proximal tibia/fibulae after 4 courses, which persisted after course 11.
A dose of 4 mg/m 2 zoledronic acid is recommended for future pediatric trials as the grade 3 hypophosphatemia observed is self-correcting and has no clinical sequelae. Further identification of risk factors for osteosclerosis is required to determine if duration of therapy is related to this toxicity.
Pharmacokinetics
Seven patients had pharmacokinetic studies. A total of 4 patients contributed urinary excretion data, but complete collection was obtained in 2 patients only. Cmax and AUC 24h values for each participating patient are presented in Table IV . Too few patients participated in pharmacokinetic studies to draw conclusions about variations with dosing. The systemic plasma exposures are concordant with values for adult cancer patients with normal renal function who participated in pharmacokinetic studies during their first dose of zoledronic acid 4 mg, approximately equivalent to 2.1 mg/m 2 given their mean BSA of 1.9 m 2 . The average Cmax and AUC 24h in this adult population were 309+/− 71 ng/mL and 408+/− 90 ng•hour/mL respectively [19] . Serum IL-6 and s-IL6R Levels-Serum IL-6 values were elevated before treatment (mean of 5.9 pg/mL and CI:(4.2, 8.2) pg/mL; normal <4 pg/mL) decreased significantly after course 1 (2.9 CI:(1.7, 4.5) pg/mL) and decreased further after course 3 (0.5 CI:(0.0, 1.6) pg/mL) ( Figure 1C .) The mean serum s-IL6R level from four normal pediatric controls was 26.5 +/− 10.7 ng/mL. Serum values in our patients before treatment was mean of 44.4 CI:(38.8, 50.4) ng/mL, and did not significantly change after one course (37.2 CI:(30.8, 44.2) ng/mL) or 3 courses (40.0 CI:(29.8, 51.7) ng/mL) ( Figure 1D ).
Tumor Response
Tumor response in the 20 evaluable patients is shown in Table V . One patient refused therapy after enrollment and was inevaluable. One patient at dose level 3 had a partial response after 10 courses consisting of resolution of multiple MIBG avid sites, which was maintained for 18 courses. This patient initially presented with intermediate risk stage 4 neuroblastoma at 4 months of age and had tumor progression on intermediate-risk based chemotherapy and again on high-risk based induction chemotherapy. Nine patients had stable disease for a median of 3 courses (range 2-12). The median time to progression was 0.9 (95% CI: 0.8, 2.7) months, and median overall survival was 12.3 (95% CI: 8.3, 19.5) months.
Discussion
Zoledronic acid has been incorporated into breast cancer, multiple myeloma, and prostate cancer therapy because of its ability to delay new bone lesions, fractures, and diminish pain [3, 4, 5] . Bisphosphonate use in children has been limited to primary bone disorders such as osteogenesis imperfecta [21, 22] and steroid-induced osteopenia [23] . We report the first study to use zoledronic acid in children with cancer. Both zoledronic acid and orally administered metronomic cyclophosphamide were extremely well tolerated. One partial response to the combination maintained after 18 courses was noted, with nine stable disease responses maintained for 2-12 months.
As in adult studies, hypocalcemia occurred in over 50% of patients, but was mitigated with vitamin D and calcium supplementation. Hypophosphatemia, also a known toxicity of bisphosphonates, was seen only in our highest dose level. In a study of 34 children with primary bone disorders who received 0.025 mg/kg zoledronic acid, hypocalcemia and hypophosphatemia occurred in 74 and 82% of subjects (respectively) within 48 hours of infusion and was most prevalent with the first dose of zoledronic acid [20] . Our study was originally designed to follow labs weekly in the first course and less frequently in subsequent courses, therefore preventing us from describing the frequency of this toxicity in subsequent courses. Cohort 3e was added to the original design of this trial to address this issue, unfortunately we were unable to accrue sufficient numbers of patients within the timeframe of this study to answer this question. This toxicity should continue to be carefully followed in future studies, particularly in the context of understanding the impact of bisphosphonates on bone metabolism in children who have not yet completed bone growth.
This study did not encounter the rare toxicities reported with potent bisphosphonates, including nephrotoxicity and osteonecrosis of the jaw. Bisphosphonate associated nephrotoxicities, including toxic acute tubular necrosis and collapsing focal segmental glomerulosclerosis [24] , occur in approximately 5% of patients [25] usually after repeated dosing. Patients on this trial were required to have normal renal function, yet all had received prior potentially nephrotoxic platinum therapy. Osteonecrosis of the jaw, a rare but severe toxicity with an incidence between <1% and 12% [26] in adults on prolonged bisphosphonate use, has not been reported in children. These toxicities may not have been encountered on this study because of the small number of patients. Continued vigilance for rare toxicities is warranted as children receive zoledronic acid in future studies.
We observed osteosclerosis in two children and dense metaphaseal bands in a third. Osteosclerosis of the bone was routinely observed in our preclinical murine trials [13] . Considering that bisphosphonates specifically inhibit osteoclast activity, it is conceivable that their inhibitory activity on bone resorption leads to osteosclerosis. Because of limited use of bisphophonates in children with actively growing bones, the impact of specific risk factors such as age, rate of bone growth, and gender remain undefined. Reports of fractures after prolonged bisphosphonate use are increasing as these agents are incorporated into various treatment modalities. One adolescent patient developed fractures after 2.5 years of bisphophonate therapy for idiopathic bone pain [27] . Femoral shaft fractures have also been associated with prolonged bisphosphonate, particularly aledronate, use in women with osteoporosis [28, 29] . Based on the published cases and our own experience, future studies of zoledronic acid in children should address the identification of risk factors for osteosclerosis.
Serum and urinary type I collagen telopeptides are surrogate markers of osteoclast activity and bone remodeling. Both decreased during the first three courses of Zoledronic acid in our study, consistent with suppression of osteoclast activity. Elevated bone resorption markers are common in multiple myeloma and metastatic breast cancer [30, 31] and can correlate with tumor responses [31, 5] . In this study, we demonstrate for the first time that such elevations are present in children with neuroblastoma and bone metastases. Normal type I collagen telopeptide values for children are poorly defined [32] , limiting conclusions about the degree of elevation, relationship to tumor burden, and therapy response. However, these results support further studies to determine the utility of these and other surrogate bone activity markers with better-defined normal pediatric values (such as bone specific alkaline phosphatase, and dihydroxypyrimide [33] ) in neuroblastoma bone metastases.
The elevated levels of IL-6 prior to treatment with zoledronic acid and cyclophosphamide are consistent with a previous report by Egler et al, who found significantly elevated peripheral blood IL-6 levels in neuroblastoma patients with high-risk features [34] . Similarly, elevations of IL-6 at diagnosis are associated with poor outcomes in patients with multiple myeloma [35] , melanoma [36] , prostate cancer [37] and other tumors. Our previous work indicates that this pleomorphic cytokine promotes growth and survival of neuroblastoma cells [38] and plays an important role in the tumor interactions with the bone microenvironment. However, tumor cells are not the source of IL-6; in the bone microenvironment, neuroblastoma cells stimulate IL-6 production from mesenchymal cells and monocytes [38] . The decrease in IL-6 levels after treatment with zoledronic acid and cyclophosphamide may be due to zoledronic acid's interference in the bony microenvironment. Alternatively, the decrease may have resulted from systemic immunemodulation by low-dose cyclophosphamide. Our data strongly support further investigation of this cytokine as both a biomarker and potential therapeutic target.
Elevated sIL-6R serum levels have been reported in multiple myeloma, breast cancer, colon cancer, non-Hodgkin lymphoma and hepatocellular carcinoma [39, 40] and typically correlated with advanced disease stage and poor outcome [41] . sIL-6R may orginate from either tumor cells or stromal and inflammatory cells. In colon and breast cancer, sIL-6R is released by polymorphonuclear cells and peripheral blood mononuclear cells [42, 43] . Multiple myeloma and prostate cancer cells also express high levels of IL-6R surface membrane bound receptors that could be shed by proteases produced in the tumor microenvironment [44] . We have recently reported that sIL-6R is not produced by neuroblastoma cells [38] and preliminary studies in the laboratories of YDC and RCS (personal communication, R.C. Seeger) indicate that sIL-6R is primarily expressed by peripheral blood monocytes. sIL-6R levels from newly diagnosed neuroblastoma patients with high-risk features tended to be lower than normal controls in the report by Egler et al. [34] . In our study, patient sIL-6R levels were higher than normal children and did not significantly change with treatment. Although the reason for this difference is presently unclear, the patient populations differed since Egler et al, performed studies in newly diagnosed and untreated patients, and our study was in patients with refractory or relapsed tumor after prior intensive chemotherapy. The tumor microenvironments may differ significantly between these groups. This aspect is currently under further investigation.
In summary, the combination of zoledronic acid every 28 days with oral metronomic cyclophosphamide (25 mg/m 2 /day) was well tolerated and associated with prolonged disease stability. The maximum tolerated dose of zoledronic acid based on this study was 4 mg/m 2 / dose, max 4 mg. Although 2 of 7 children had grade 3 hyposphosphatemia on this dose, the toxicity was self resolving and asymptomatic, and is therefore considered tolerable. This combination is well-suited to study with additional agents that may enhance its anti-tumor efficacy because of its favorable toxicity profile. These data have prompted a successor study in the NANT consortium adding the antiangiogenic agent, bevacizumab, to further target the microenvironment in order to inhibit neuroblastoma progression. Biologic assays determined prior to treatment and after courses 1 and 3. Each point represents individual subject values. Bars represent mean values; A. Urinary N-tetlopeptide levels; B. Serum C-telopeptide levels; C. Serum IL-6 levels; D. Serum sIL-6R levels; * p<0.05; ** p<0.01 
